Cytochrome P450 monooxygenase enzymes comprise an ancient and widely distributed protein superfamily. To date, more than 230 sequences representing 36 gene families have been described (1) . With few exceptions, members of the same family share ?40% amino acid sequence identity and P450 proteins within the same subfamily are >55% identical. P450 proteins are found in a very diverse array of organisms, bacteria, plants, fungi, and animals. Phylogenetic analysis of this diver sity suggests that there was a common ancestor to all present day P450 forms that existed prior to the diver gence of eukaryotes and prokaryotes (2) .
There are a multitude of functions attributed to P450 proteins including the metabolism of a wide variety of both endogenous substrates, such as hormones and lipids, and xenobiotics (3) . In insects, P450 proteins also metabolize hormones and pheromones (4) but have been studied in most detail for their roles in insecticide resistance (5) . The overexpression of two P450 genes, CYP6Al and CYP6A2, is associated with insecticide resistance in the housefly, Musca domestica, and in Drosophila melanogaster (6) (7) (8) .
In addition to the roles described above, P450-depen dent metabolism has been associated with the adapta tion of insect and vertebrate herbivores to host plant chemicals. The adaptation of herbivores to plant chemi cals has been proposed to be one of the driving forces in P450 diversification (9) . Krieger et al. (10) first pro posed that insect midgut microsomal P450s arose to defend against natural insecticides present in the lar-val food plants. Increased expression of the P450 gene CYP6Bl was shown to allow larvae of a specialist in sect, the black swallowtail butterfly Papilio polyxenes, to feed on host plants (e.g., parsnip) high in furancou marins, which are toxic plant defense compounds (11, 12) .
Although P450s have many demonstrated functions, little is known about their diversity in insects. Bio chemical methods have been used to demonstrate the existence of multiple forms of insect P450 (review in Ref. 5) . Such methods (solubilization, chromatography) have revealed for instance the existence of seven or more P450 forms in the housefly (13) . Molecular tech niques now confi rm such multiplicity, for instance, by revealing the existence of a cluster of more than fi ve active P450 genes in the same species (14) . We report here that 5 CYP4 genes are expressed in tissues of the tobacco hornworm, Manduca sexta. Previous studies have identified CYP4 genes from the cockroach, Blab erus discoidalis (CYP4Cl, 15) and from D. melanogas ter (CYP4Dl, 16; CYP4El, 17; CYP4E2, 18; CYP4D2, 19). We show here that M. sexta has at least two new subfamilies of CYP4 designated CYP4L and CYP4M with three or four genes expressed in fat body and mid gut, respectively. Northern hybridization experiments demonstrate that mRNA levels for several of these CYP4 genes change during development and in re sponse to the addition of plant chemicals and xenobiot ics to the diet.
MATERIALS AND METHODS
Library construction and mRNA isolation. M. sexta larvae were maintained as previously described (20) . A midgut cDNA library was constructed from 36-h-old fifth instar M. sexta larvae from poly(A)+ mRNA (Fast Track kit, Invitrogen) in the pcDNA II vector (The Librarian kit, Invitrogen). Fat body mRNA was isolated using the same procedure.
Primer construction and RT-PCR. The degenerate (29-mer) for ward primer 1, GA(CTJACITT(CTJATGTI'(CT)GA(AGJGG(ACGTJ CA<CT1GA(CT)AC, was designed around the I helix region of the cockroach CYP4Cl (DTFMFEGHDT, residues 309-318; 15). The de generate (23-mer) reverse primer 2, GC(AG)AT(CT)TI'(CT)TG(ACG T)CC<AGTJAT(AG)CA(AG)TI', was designed around the heme bind ing region (NCIGQKFA, residues 451-458 of cockroach CYP4Cl; 15). Reverse transcription of fat body mRNA was done using Super script enzyme at 42°C according to the manufacturer's directions <GIBCO BRLJ. The PCR' cycles for both the midgut cDNA and the fat body cDNA were 94°C, 1 min; 54°C, 1 min; 72°C, 1 min, for 35 cycles and 2.5 mM Mg2+ in the PCR buffer. The PCR products were purified by gel electrophoresis and cloned into the pCR II vector (lnvitrogen). Sequence analysis was done using the NCBI Blast Net work Server. Clones were further classified, along with homologous regions of selected CYP4 proteins, by parsimony analysis using PAUP (21) .
CYP4M2 cloning. A mixture of random-primed : i2 P-labeled CYP4L and CYP4M PCR fragments was used as probe to screen a 3 Abbreviations used: PCR, polymerase chain reaction; SDS, so dium dodecyl sulfate. cDNA library prepared as described above from midguts of 36-h-old fifth instar M. sexta larvae fed 0.15% undecanone in an artificial diet. Dual filter lifts of 36,000 clones yielded a clone carrying the complete coding sequence of CYP4M2. This clone was completely sequenced on both strands by the dideoxy chain termination method.
Tissue expression. Total RNA, isolated using the RNAid kit (BIO 101 ), was prepared from midguts of Day 4 fifth instar larvae fed for 72 ho n artificial diets (Bioserv) with or without 0.75% nicotine, 0.5% tridecanone, 0.5% undecanone, 0.1 % clofibrate, or 0.5% phenobarbi tal. Midguts were dissected free of peritrophic membrane prior to RNA isolation. For northern analysis, 5 µg of RNA was loaded per lane, separated by gel electrophoresis, and blotted onto GeneScreen nylon membrane (DuPont NEN). Additionally, dilution dot blots on GeneScreen were prepared with RNA samples covering the develop mental pattern from the fifth larval stage to the adult stage. The blots were hybridized at 42°C to one of the random-primed 32P-labeled M.
sexta P450 clone inserts in 50% formamide, 5x SS PE, pH 7.4, 5x Denhardt's solution, and 1 % SDS. Final washing was at 65°C for 15 min in 2X SS PE and 2% SDS. The blots were stripped and reprobed with other random-primed 32 P-labeled P450 probes as well as with an actin probe from D. melanogaster to standardize the mRNA levels in each lane. The exposed films from each blot were scanned on a LKB Ultroscan laser densitometer and the resulting values were corrected for equal loading by comparison to the levels of actin mRNA.
RESULTS

P450 Cloning Strategy and Characterization of the PCR Products
A combination of degenerate primers for two con served regions of CYP4 proteins was used to amplify cDNAs from a midgut cDNA library and from reverse transcribed fat body mRNA of the tobacco hornworm. The amplification products were cloned and 17 midgut and 23 fat body clones were sequenced. This effort re sulted in 24 clones that were 443-449 hp long and that scored highly with P450 proteins of the CYP4 family by BLAST Network (NCBI) searches (Table I) . Nine of the 17 clones generated from the M. sexta midgut cDNA library were resolved into four new P450s based on nucleotide sequence alignments: CYP4L2, CYP4Ml, CYP4M2, and CYP4M3, as well as two allelic variants of CYP4M2. Allelic variants were named vl and v2 according to the rules of P450 nomenclature. Fifteen of the 23 clones generated from reverse-transcribed fat body mRNA were resolved into three new P450 genes. CYP4L2 is 93.9% identical at the amino acid level to CYP4Ll identifying it as a separate gene, rather than an allelic variant (1). The alignment of the deduced amino acid sequences is shown in Fig. 1 . The designa tion of allelic variants in Table I is simply a refl ection of the <3% difference rule of the P450 nomenclature. We cannot exclude the possibility that two of the alleles of CYP4M2 which differ by a single nucleotide may have resulted from PCR error. Further genetic charac terization may indicate that some sequences called al lelic variants in fact represent distinct genes and con versely that CYP4Ll and CYP4L2 may be allelic variants. A Full-Length cDNA for CYP4M2
A clone was obtained by screening a cDNA library of M. sexta midgut with a mixture of CYP4L and CYP4M PCR products as hybridization probe. Sequence analy sis of this cDNA confirmed that the PCR product for CYP4M2 was entirely contained in a typical P450 se quence of 503 amino acids (Fig. 2) . Moreover, the se quence flanking the PCR product corresponded exactly to the conserved amino acid sequences used in the de sign of the degenerate PCR primers. The full-length CYP4M2 sequence was 41.2% identical to the cock roach CYP4Cl sequence, thus validating the assign ment of the PCR products to the CYP4 family. 
Relatedness of the P450 Fragments
The percentage identity of the deduced amino acid sequences of the PCR products is shown in matrix form in Table II 1 . Alignment of the amino acid sequence deduced from the sequences of the cloned CYP4 PCR products. The conceptual sequence corresponding to the PCR primers is shown for CYP4Ll to orient the sequences with respect to the conserved Thr and Cys, which are underlined. Amino acid residues common to all sequences are marked with asterisks. Residue changes in the allelic variants are underlined. SNYDER ET AL.
Nucleotide and deduced amino acid sequence of the open reading frame of the CYP4M2 cDNA. The amino acid sequences corresponding to the forward and reverse primers used for PCR are underlined. Table II . This was calculated as follows (23) . A function was derived to relate the percentage identity of known, whole length P450 proteins with the percentage iden tity of the portion of these proteins corresponding in length and location to the PCR product obtained with our primer set. Because of the universal conservation of helix I and the heme-binding peptide, it was easy to identify the correct P450 fragment to be used in this Note. Numbers on top of the diagonal refer to the % identity of the PCR fragments (from the alignment calculation. With this formula we calculated that the whole CYP4 proteins of M. sexta would be 23.9-91.3% identical (Table II) . Phylogenetic analysis (PAUP) of the deduced amino acid sequence of the CYP4 fragments obtained by PCR and of equivalent portions of known CYP4 and CYP6 sequences clearly shows the difference between insect CYP6 sequences and the CYP4 sequences from insects and mammals (Fig. 3) . The CYP4 sequences are shown as an unresolved polytomy; however, they are clearly separated into four groups (only three mammalian CYP4 sequences were included). There appears to be at least two new subfamilies of M. sexta CYP4 se quences by this analysis. One of the groups (CYP4Ml, CYP4M2, CYP4M3) is most related to CYP4 sequences from the cockroaches B. discoidalis ( 15) and Diploptera punctata (Andersen et al., unpublished results). Neigh bor-joining methods and parsimony methods never placed the M. sexta sequences in groups of sequences that did not belong to the CYP4 family. Furthermore, partial sequences of known CYP4 proteins correspond ing in length to the PCR fragments always segregated with CYP4 proteins. Thus, the fragment of P450 se quence obtained by the PCR technique appeared to be a reasonable diagnostic for the placement of the se quences in the CYP4 family. However, it should be noted that the CYP4 family has been expanded beyond the 40% rule ( 1) by inclusion of CYP4Cl and CYP4Dl.
Expression of M. sexta CYP4 Genes
The expression of the M. sexta CYPMl, CYP4M2, CYP4M3, and CYP4L2 genes was studied in a series of Northern and dot blot hybridization experiments. It is likely that the hybridization signal for CYP4L2 accounted for the mRNA levels of CYP4L2 and CYP4Ll, because of the close relatedness of these two genes (93.9%). The expression of CYP4 genes during larval-adult development of M. sexta was monitored in fat body and midgut (Fig. 4 ). An increase in CYP4 expression (2-to 7 .5-fold) was found in the fat body during the wandering stage on Day 6. In the midgut, CYP4 mRNA levels were high during feeding, wander ing, prepupal, and pupal stages. CYP4 expression was low in the fat body of adult females. CYP4L2, CYP4Ml, and CYP4M2 showed increased expression in midguts of larvae starved from Day 3 to Day 4 relative to normal Day 4 larvae (Fig. 4) . CYP4Ml levels were high in the midgut of adult females.
With specifi c induction regimes, CYP4Ml and CYP4M3 were highly expressed in midgut while CYP4L2 and CYP4M2 were highly expressed in fat body. Northern blots of midgut RNA from M. sexta lar vae fed artifi cial diets containing plant chemicals or phenobarbital are shown in Fig. 5 . Dilution dot-blot experiments showed that the expression of CYP4M3 was induced by 2-tridecanone (5-fold), 2-undecanone (3-fold), and to a larger extent by clofi brate ( 15-fold) in the midgut relative to controls fed an artifi cial diet without inducers. CYP4Ml was also highly inducible by clofibrate (16-fold). CYP4M2 was expressed at lower levels in the midgut and not affected by any of these dietary chemicals (Figs. 5 and 6 ). In the fat body, the expression of CYP4Ml was induced 2-fold by 2-trideca none, 3-fold by 2-undecanone, and 6-fold by phenobar bital (Fig. 6 ).
DISCUSSION
Insect P450 Diversity
We have identified five new P450 genes in the tobacco hornworm, M. sexta by sequencing PCR products ob tained with degenerate primers. The reverse primer was designed based on the heme binding region con served in all P450 proteins. The forward primer was designed from a highly conserved region of all known CYP4 proteins from mammals and insects that corre sponds to the I helix of P450cam (CYPlOl). The highly conserved .region (residues 309-317 of the cockroach B. discoidalis CYP4Cl; 15) places any such sequences within the CYP4 P450 family. This formal exception to the rule of 40% identity of members of a CYP family (1) has had the effect of "lumping" a series of insect P450 proteins into the CYP4 family. Because of the relatively low annealing temperature of the PCR prim ers, we cannot assume that the sequences represented by the PCR primers are actually represented in the corresponding full-length sequences. However, se quencing of a cDNA clone from M. sexta, CYP4M2, as well as of a cDNA obtained in similar fashion from D. punctata (Andersen et al., unpublished results) has confirmed the presence of the highly conserved helix I sequence in these two P450 proteins. Thus, placing the sequences obtained by PCR in the CYP4 family, while formally violating the 40% identity rule in some cases, is a reasonable compromise that avoids balkanization of the P450 nomenclature. An advantage of the PCR technique is that a wide variety of P450 sequences are sampled and made available for physiological or toxico logical studies. Use of a PCR strategy similar to this one has been successful in identifying CYP4 sequences from guinea-pig, human, and mouse (22) as well as from the mosquito Anopheles albimanus (23) . The ease with which allelic variants of P450 genes were obtained in M. sexta and in P. polyxenes (11) may greatly facili tate the study of P450 population genetics.
The total number of cytochrome P450 forms in M. sexta or any other insect species is as yet unknown. Current estimates place that number at between 50 and 100 P450 genes in a primate or rodent (24). Clearly, molecular approaches will soon permit us to estimate the number of P450 genes of an insect genome. Nothing is known about the chromosomal location of the five CYP4 genes of M. sexta. A cluster of six CYP6 genes was found on chromosome V of the housefly, M. domes tica (14) . Four CYP4 genes are linked on chromosome X of Drosophila melanogaster (16, 19 , Dunkov et al., unpublished results). A similar finding of glutathione S-transferase gene clusters in D. melanogaster (25) ar gues that detoxification enzymes may be closely grouped on insect chromosomes. P450 gene clusters have been identified in various mammalian species (1, 24) and in yeast (26) .
Induction of CYP4 Genes
Cytochrome P450 levels in insects are dependent on a number of factors including the host plant or specific inducer added to the diet (27) . In M. sexta midgut and fat body, three CYP4 genes were inducible by the ali phatic ketones 2-tridecanone or 2-undecanone com monly found in wild tomato, by phenobarbital, or by the peroxisome proliferator clofibrate (Fig. 6 ). For in stance we observed coordinate induction of CYP4Ml and CYP4M3 by clofibrate in the midgut. Riskallah et al. (28) had reported that 2-tridecanone caused distinct changes in the spectral characteristics of midgut P450 in larvae of the tobacco budworm, Heliothis virescens. The selective induction of certain P450 genes as docu mented here, rather than a general increase of all P450s would explain these results. It is difficult to as certain the physiological importance of the percentage induction of a particular P450 gene by xenobiotics until mRNA levels are correlated with protein levels and enzyme activities. Maximal induction of CYP4Ml was 16-fold in the midgut and 6-fold in the fat body (Fig.  6 ). Midgut microsomal P450 enzymatic activities were shown to be induced 1.4-to 10.0-fold by nicotine inges tion (20) . Tate et al. (29) have argued that xenobiotics do not induce midgut detoxification enzyme activities as extensively in this species as compared to other in sects. The relatively low induction of M. sexta midgut glutathione S-transferases by dietary xenobiotics sup ports this view (30) .
In the cockroach, B. discoidalis, there was a 50-fold induction of CYP4C 1 in the fat body following injection of the peptide hypertrehalosemic hormone (15) . Starva tion also induced CYP4Cl expression in the cockroach fat body, and we have observed starvation-induced ex pression of CYP4L2 and CYP4M2 in the midgut (Fig.  4) . Carino et al. (6) found a massive induction of CYP6Al by phenobarbital in the housefly, M. domes tica. Induction of CYP6Bl was observed in larvae of the black swallowtail, P. polyxenes, in response to dietary xanthotoxin, a common furanocoumarin from its host plants (11) . The largest inductions of M. sexta CYP4 genes noted were 6-fold by phenobarbital in fat body and 16-fold by the peroxisome proliferator clofi brate in midgut (Fig. 6 ). These findings extend to the CYP4 family the previous discoveries of phenobarbital induc tion of some members of the CYP2, CYP3, CYP6, CYP73, CYP 102, and CYP 106 families. There is also evidence for CYP4E2 induction by phenobarbital in an insecticide-resistant strain of Drosophila (18) . It will be of interest to search for 5' regulatory elements in M. sexta CYP4Ml that may be related to similar pheno barbital responsive regions in other P450 genes, in par ticular the barbie box (31), which has been observed upstream of two phenobarbital inducible CYP6A genes from insects (32) . Likewise, regions corresponding to the peroxisome-proliferator regulatory element that regulates induction of CYP4A6 (33) may be associated with CYP4Ml and CYP4M3 genes in M. sexta.
Tissue and Age Differences
The midgut is generally thought to be the primary detoxification organ of Lepidopteran larvae (5) al though Tate et al. (29) showed comparable fat body cytochrome P450 and glutathione S-transferase activi ties in M. sexta. Glutathione S-transferase activity was comparable between M. sexta larval midgut and fat body and was inducible in fat body by aliphatic ketones and by phenobarbital (30) . Lepidopteran midgut and fat body P450 activities are high during active feeding in the middle of larval instars (29, 34 ). This appears to be true for M. sexta midgut, but not for fat body CYP4 expression during the active feeding period, Days 1-4 or 5 of the last instar (Fig. 4) . CYP4, gene expression in the midgut remained high during prepupal and pupal development. CYP4 expression is low in adult M. sexta midgut and fat body except for CYP4Ml (Fig. 4) . Little is known about developmental changes of P450 mRNA levels in insects. Housefly CYP6Al expression is very low in embryos, rises during larval development to a maximum in actively feeding late larvae, drops in pre pupae and during the pupal stage, and rises again in adults of both sexes (7) . CYP4Dl is expressed in a very similar pattern in Drosophila with a peak during the late (3rd) larval instar (16) . In general, these patterns correspond to observed changes in P450 enzyme activi ties (5). The fact that the same gene can be expressed with a different developmental pattern in different tis sues was unexpected from toxicological or physiological data in insects. A more precise study of such correla tions is now possible in M. sexta, an insect that can be precisely staged. Recovery of active CYP4 enzymes following insertion of cDNAs into expression systems (35) will be required to delineate the functions of these various new P450 genes.
